Details are given of three first-generation progeny tests (CB1, CB2 and CB3) of coastal Douglas-fir (Pseudotsuga menziesii [MIRB.] FRANCO var. menziesii) planted in the Coos Bay region of south-central coastal Oregon in 1973. The three tests included 15 polymix families based on a 10-pollen mix, and 27 families openpollinated on the ortet. The present study gives heritabilities and additive genetic correlations for growth measured between two and 17 years after planting. Correlated responses are estimated for volume at 17 years from early selection for height and diameter.
Introduction
Most tree breeding programs are based on selection for traits measured on relatively juvenile trees with the objective of indirectly improving productivity of mature trees at rotation-end. Early selection on juvenile trees can reduce generation time (provided planning and management of the breeding program are good enough) and increase gain per year. Too early selection can give unacceptable reliability in terms of gains expected in mature performance.
Reliable information on genetic parameters of potential early selection criteria, particularly juvenile-mature additive genetic correlations and changing heritabilities over time, are required to optimise the timing of early selection. MAGNUSSEN and YANCHUK (1988) urged breeders of coastal Douglas-fir to expand as quickly as possible the published literature on genetic parameters over time and other information that can help to make sure near-optimal selection age decisions are made across different regions and also different populations of the species.
Relatively few authors have addressed trends over time in genetic parameters and used these to attempt to predict optimal selection age of coastal Douglas-fir. STONECYPHER et al. (1996) suggested 8-15 years after planting as a reliable age-range for early selection of Douglas-fir for growth. JOHNSON et al. (1997) reported rather broad age ranges for efficient early selection on growth of coastal Douglas-fir across a number of breeding regions in western Oregon; with the optimal age tending towards 8-10 years. The study of MAGNUSSEN and YANCHUK (1988) included a "bootstrap" modelling technique to generate probability distributions around juvenile -mature correlations and used these to give useful indications of risks of lower than expected genetic gain in mature performance. These authors found that for well replicated genetic tests (more than say 30 trees per family) early selection on growth of coastal Douglasfir in British Columbia is feasible at less than 10 years.
One important contribution of the modelling work done by MAGNUSSEN and YANCHUK (1988) is the strong connection made between quality of genetic field tests and reliability of early selection. ADAMS and JOYCE (1990) draw attention to the same issue. There will be differences in recommendations around optimum timing of selection across different field test qualities, site environment (JOHNSON et al., 1997) and provenances of Douglas-fir (LOO-DINKINS et al., 1991) .
The objective of this study is to add to the available literature on juvenile -mature additive genetic correlations and changes in heritability of growth of coastal Douglas-fir (Pseudotsuga menziesii [MIRB.] FRANCO var. menziesii) until 17 years after planting across three sites in the Coos Bay region of south-central coastal Oregon, USA. Estimates are made of the optimum age for selecting Douglas-fir to improve stem volume at 17 years.
Materials and Methods

Planting, Location and Environment
The results reported here involve three genetic tests (identified as CB1, CB2 and CB3) that are part of Weyerhaeuser Company's first-generation coastal Douglasfir breeding (STONECYPHER et al., 1996) . The tests are Table 1 .
number of offspring remains sufficient for reliable fieldtesting (COTTERILL and JAMES, 1984) .
Measurements
Tests CB1-3 have been measured for stem height using a pole at ages two, three, four, five, six, seven, eight, 10 and 17 years after planting. Diameter overbark was measured with calipers at 50 cm at five, six, seven, eight and 10 years, and at breast-height (1.37 m) at 17 and 26 years. Stem volume was calculated from diameter and height for each tree using small-tree volume equations developed by BRUCE and DEMARS (1974) .
Statistical Analyses
Analyses of Variance: The individual tree data of pooled half-sib (polymix and open-pollinated) families across tests CB1, CB2 and CB3 were analysed by SAS ® PROC VARCOMP (Method = Type 1) using the following random effects model (SAS, 1990) :
where P ijkl represents the phenotypic value of an individual tree for say height at 17 years, F i the effect of the half-sib (open-pollinated or polycross) family representing the ith female parent, S j the effect of the jth test site, B(S) jk the effect of the kth block nested within the jth test, FS ij and FB(S) ijk represent interactions, and e ijkl is the residual. Expectations of mean squares are given in Table 2 . Any trees with height less than 2.5 standard deviations of the mean were omitted from the analyses. The trees remaining for analyses in CB1, CB2, and CB3 was very high at 88 %, 97 % and 91%, respectively.
Genetic parameters were calculated separately for the polymix and open-pollinated families and the results proved quite consistent. Pooled values are used in this paper because they are more reliable due to the larger sample size.
Individual Heritabilities (h 2 ): Were estimated as the ratio of additive genetic variance (σ 2 A ) over the total phenotypic variance (σ 2 P ) among individual trees across the three genetic tests: Site quality across the three tests is reasonably similar with mean height growth of 13.7, 14.2 and 12.5 m to 17 years for CB1, CB2 and CB3. Test CB3 near Roseburg has the lowest site quality.
Genetic Material
Tests CB1, CB2 and CB3 involve 15 polymix and 27 open-pollinated first-generation families of coastal Douglas-fir; with three parents represented as both polymix and open-pollinated. The female parents of these families were selected in the mid-1960's from 60-80 year old natural stands below 600m in the Coos Bay region; and judged to have grown under fully stocked conditions. The selection was on superior phenotype for stem diameter and branch retention within stand-plots of about 100 trees.
The polymix families were created from control-crossings carried out during 1971 in Weyerhaeuser's grafted seed orchard at Turner. The pollen mix used for the polymix crossings contained equal parts by weight of 10 first-generation Coos Bay parents ("self pollen" was excluded from the mix applied to particular female parents). Selection of parents used in the mix was based mainly on pollen availability. The 27 open-pollinated families were derived from seed collected on the ortets in native stands in Coos Bay.
Field Design
The three genetic tests are each based on eight randomized complete blocks and single-tree randomised non-contiguous plots; with families represented by four trees (single-tree plots) per block. Site variation was minimized by careful placement of blocks.
After the thinning of genetic tests in 1984, families were represented by average 16 trees per site. This LACE, 1974; CAMPBELL, 1986) . In fact the r coefficient will be marginally different for progeny of a 10-pollen mix compared with open-pollination on the ortet (SQUILLACE, 1974) ; but overall r = 1 / 3 seems reasonable for the purposes of this study.
Additive Genetic Correlations (r A ): Calculated as correlations among half-sib family means. The r A were also calculated from variance and covariance's from analyses of pooled half-sib families using SAS ® PROC CORR. The two sets of r A were found to be comparable, but the family mean r A were used in this study because they were generally lower in magnitude (conservative in terms of early selection recommendations) and exhibited consistent trends over time.
Efficiencies of Early Selection
Direct Mature-Age Selection: Genetic gain ∆G kk in the kth trait (say stem volume at 17 years) as a result of one-generation of selection applied directly on that trait can be estimated as - (1):
where i is the standardized selection intensity, h 2 k the heritability of the kth trait, and σ Pk the phenotypic standard deviation of the kth trait.
Indirect Juvenile Selection: Correlated or indirect genetic gains ∆G kn in the kth trait (volume-17) as a result of one-generation of selection applied on another trait, the nth trait (say height at six years) can be estimated as - (2):
where h k and h n are the square roots of the individual heritabilities of the kth and nth traits, and r A the additive genetic correlation between the two traits. Equations (1) and (2) have been described by TURNER and YOUNG (1969 ), LAMBETH (1980 ), FALCONER (1981 , and others. Efficiency of Indirect Selection: It is well known that efficiency (Q gen ) of indirect selection can be calculated as the percentage ratio of gain per generation in the kth trait from indirect selection on the nth divided by gain in the kth from direct selection on the kth trait itselfcombining (1) and (2): Q gen = ∆G kn per gen. / ∆G kk per gen. = (r A h k h n σ Pk / h 2 k σ Pk ) x 100 % = (r A h n / h k ) x 100 %.
Percent efficiency (Q year ) can also be expressed in terms of relative genetic gains per year in the kth trait from indirect versus direct selection (TURNER and YOUNG, 1969 ) -Q year = ∆G kn per year / ∆G kk per year = (r A h n / h k ) x (l k / l n ) x 100 % where l n represent the generation interval (in years) from indirect selection on the nth trait and l k from direct selection on the kth trait. In the present study the generation interval for Douglas-fir breeding is calculated as the age of trees at selection plus six years for grafting and pollination to take place. For example, indirect selection on height at six years is assumed to involve a generation interval of l n = 12 years, and direct selection on volume at 17 years would involve a generation of l k = 23 years. were set at zero in Table 3 ). None of the interactions involving families were statistically significant at the P < 0.05 level. Although the results are not presented, it made little difference to the level of variance components whether the polymix and open-pollinated families were analyzed separately as two groups of families or as the data pooled.
Results and Discussion
Analyses of Variance
Individual Heritabilities
Height: Stem height of half-sib coastal Douglas-fir progeny across the three Coos Bay tests had heritabilities between h 2 = 0.10 and 0.13 at two and three years after planting. At four years there was a quite marked increase in additive genetic variance (σ 2 A ) relative to phenotypic variance (σ 2 P ) and, hence, individual heritability increased to h 2 = 0.18. Between four and 17 years the individual heritability of height stabilised at h 2 = 0.18 to 0.22; mean of 0.20. NAMKOONG et al. (1972) also found major changes in the variance structure of stem height with increasing age of Douglas-fir.
Following thinning at 10 years there was a substantial increase in the mean and variance of height across the three Coos Bay tests, but the heritability of height remained quite stable at h 2 = 0.21 for height-10 and 0.22 for height-17 ( Table 3 ). The relative increase in both of σ 2 A and σ 2 P was about the same between 10 and 17 years, leading to this small change in heritability.
In a study of full-sib tests of coastal Douglas-fir grown at a range of close stockings in Washington State, CAMP-BELL et al. A Diameter over-bark was measured at 50 cm at five, six, seven, eight and 10 years after planting; and at breast height (1.37 m) at 17 and 26 years. The heritability of stem diameter was consistently much lower age-for-age than the heritability of height of coastal Douglas-fir in the Coos Bay tests. Between five and 10 years after planting the individual heritability of diameter ranged from h 2 = 0.07 to 0.10 (Table 3) . Following thinning at 10 years the absolute magnitude of σ 2 A increased more than σ 2 P , leading to an increase in heritability to h 2 = 0.14 for both diameter-17 and diameter-26. It is known that the stocking rate can influence stem diameter more than height (HUSCH et al., 1972) . ADAMS and JOYCE (1990) and KING et al. (1988b) also observed lower heritabilities for diameter growth compared with height of coastal Douglas-fir.
The heritability of stem volume followed the same general trend over time as the heritability of diameter (Table 3) ; due to the strong influence of diameter in the volume equation. However, the absolute values of the heritabilities of volume were a few points higher than those of diameter; reflecting the influence of height on volume. The individual heritabilities of volume of the half-sib coastal Douglas-fir progeny across the three Coos Bay tests proved to be very stable intermediate values of h 2 = 0.11 to 0.14 between five and 10 years after planting; mean value 0.13. The heritability of volume increase to h 2 = 0.18 at 17 years (post-thinning). Table 5 . -Additive genetic correlations between heights measured from two to 10 years for coastal Douglas-fir across genetic tests CB1, CB2 and CB3. The parameters have been calculated as correlations among half-sib family means. Table 6 . -Additive genetic correlations between diameters measured from five to 10 years for coastal Douglas-fir across genetic tests CB1, CB2 and CB3. The parameters have been calculated as correlations among half-sib family means. Table 4 presents estimates of additive genetic correlations between "mature" volume-17 and "juvenile" height or diameter traits measured from two to 10 years after planting across the pooled half-sib progeny (polymix and open-pollinated) in tests CB1, CB2 and CB3. It is evident that from five to seven years the genetic correlations between height-5, -6 or -7 and volume-17 were stronger than corresponding correlations with juvenile diameter measured at the same age. For example, the genetic correlation between height-7 and volume-17 is r A = 0.78 and the correlation between diameter-7 and volume-17 is r A = 0.69 (Table 4) . Tables 5 and 6 present additive genetic correlations between the "juvenile" height or diameter traits.
Genetic Correlations
Juvenile-mature genetic correlations involving height or diameter and volume-17 increased to high values of r A = 0.80 to 0.84 between eight to 10 years after planting ( Table 4) . It is evident from Table 3 that the plantation age of 8-10 years corresponded to mean heights of trees between 5-7 m across the Coos Bay tests. In general the juvenile -mature additive genetic correlations presented 
Efficiencies of Early Selection
Background: Figure 1 presents efficiencies (Q year ) of early selection on height, diameter or volume of coastal Douglas-fir at Coos Bay in terms of indirect gains per year in volume measured at 17 years. An efficiency of above 100 % indicates that early indirect selection will produce greater genetic gain per year in volume-17 compared with direct selection on volume-17 itself. As mentioned previously, the generation interval used in these calculations is estimated as the age of trees at selection plus six years for grafting and pollination to take place.
Early Indirect Selection on Height: Figure 1 shows that height was clearly the best trait for early indirect selection to improve volume-17 of coastal Douglas-fir across the Coos Bay tests CB1, CB2 and CB3. Indirect selection on height-7 or height-8 can be expected to produce 38 % (Q year = 138 %; Figure 1 ) more gain per year in volume-17 compared with direct selection at 17 years on volume-17 itself. The superiority of height for early selection is due to both its higher heritability than juvenile diameter (Table 3 ) and quite strong genetic correlations with volume-17 ( Table 4) .
In terms of timing of early selection on juvenile height there is an extended optimum period between 5-8 years after planting (Q year = 136-138 %; Figure 1 ). The magnitude and stability of additive genetic correlations between juvenile height and volume-17 favour the older aged end of this plateau in terms of minimising risk of inaccurate early selection. As mentioned previously, the additive genetic correlations between height-7 or height-8 and volume-17 are substantially higher (r A = 0.78 to 0.84; Table 4 ) than those between height-5 or height-6 and volume-17 (r A = 0.64).
It is worth mentioning that early selection on growth at 7-8 years corresponds to a period when wood properties of Douglas-fir, such as specific gravity, should have stabilised sufficiently to allow reliable juvenile selection (KING et al., 1988a) . In any case, selection strategies are available to permit juvenile selection at different times on different traits (such as growth and wood) without increasing generation time (e.g. ADAMS et al., 2001) . MAGNUSSEN and YANCHUK (1988) and JOHNSON et al. (1997) found broad "age-bands" for optimum or nearoptimum early selection of coastal Douglas-fir. In the case of MAGNUSSEN and YANCHUK (1988) the acceptable age-band for early family selection on growth in well replicated tests was 5-10 years (based on four progeny tests on Vancouver Island measured until 22 years). The optimum age-band across diverse tests studied by JOHN-SON et al. (1997) in Oregon tended to be a bit later at eight through 14 years, although the genetic tests assessed in this study tended to be slower growing.
Early Indirect Selection on Diameter or Volume: The optimum time for early selection on diameter or volume is eight years after planting (Figure 1) . The maximum efficiency of early selection on diameter of coastal Douglas-fir across the Coos Bay tests never exceeded Q year = 100 % indicating that direct selection on volume-17 itself can be expected to produce greater gains per year than early indirect selection. The problem with early selection on diameter is the poor heritability of this trait.
Indirect selection on volume-8 produced 23 % (Q year = 123 %; Figure 1 ) more gain per year in volume-17 than later direct selection on volume-17 itself. The heritability of volume, and hence the gains from indirect selection, is intermediate between that of height and diameter.
Conclusions
Main conclusions and recommendations regarding trends over time in additive genetic parameters and early selection for growth of coastal Douglas-fir on good quality plantations in the Coos Bay region of south-central coastal Oregon are:
Genetic Parameters: Between four and 17 years after planting the individual heritability of height of coastal Douglas-fir across the Coos Bay tests was quite stable at between h 2 = 0.18 and 0.22. These heritabilities reflect significant amounts of additive genetic variation available for improvement of growth of Douglas-fir. The individual heritability of stem diameter age-for-age was consistently much lower than for stem height.
Additive genetic correlations involving volume-17 and height or diameter increased to quite high stable values of r A = 0.80 to 0.84 between 8 -10 years. Before age-7 the absolute values of juvenile-mature correlations were substantially lower.
Early Selection: The higher heritability of height made this trait the best criterion for early indirect selection to improve mature stem volume growth of coastal Douglas-fir across the Coos Bay tests. Early selection on stem height at 5-8 years gave 36-38 % more gain per year in volume-17 compared with direct selection at 17 years. Early selection on diameter was far less efficient.
The recommendation from this present study is that gain per year in mature volume can be maximised by early selection on height at 7-8 years. At this age the mean height of trees in good quality field tests in central-coastal Oregon should be around 4.5 to 5.5 meters. The recommended 7-8 years is at the later end of a broader 5-8 years optimum selection band observed in this study; and should give more accurate early selection because of higher and more stable juvenilemature genetic correlations.
